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HIGHLIGHTS 


GRAPHICAL  ABSTRACT 


►  Electrospinning  technique  is  used  to 
synthesize  high  performance  NiO 
nanofibers. 

►  NiO  nanofibers  rendered  good 
cycleability  and  retained  ~75% 
initial  capacity  after  100  cycles. 

►  Ex-situ  TEM  analysis  confirmed  the 
formation  of  Ni°  particles  during 
conversion  reaction. 
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We  report  the  synthesis  and  electrochemical  performance  of  one  dimensional  NiO  nanofibers  by  simple 
electrospinning  technique  and  subsequently  heat  treated  at  800  °C  to  yield  single  phase  material.  After 
the  heat  treatment,  thickness  and  crystal  size  electrospun  NiO  is  found  ~1  pm  and  100  nm,  respectively. 
The  electrospun  nanofibers  are  subjected  to  various  characterizations  such  as  X-ray  diffraction  with 
Rietveld  refinement,  scanning  electron  microscopy  and  transmission  electron  microscopy  (TEM).  Half¬ 
cell  assembly  is  used  to  evaluate  the  Li-uptake  properties  and  found  maximum  reversible  capacity  of 
~  784  mA  h  g-1  at  current  density  of  80  mA  g-1  with  operating  potential  of  ~  1.27  V  vs.  Li.  The  test  cell 
rendered  good  cycleability  and  exhibits  capacity  retention  of  over  75%  of  reversible  capacity  after  100 
cycles.  The  conversion  mechanism  of  metallic  nanoparticles  (Ni°)  are  validated  though  ex-situ  TEM 
measurements.  Rate  performance  studies  are  also  conducted  and  delivered  good  cycling  properties 
under  such  high  current  studies. 
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1.  Introduction 

Of  late  the  development  of  high  capacity  anode  materials  are 
anticipated  to  replace  the  commercially  available  carbonaceous 
anodes  to  construct  high  power  Li-ion  power  packs  and  its  appli¬ 
cation  toward  hybrid  electric  vehicles  (HEV)  and  electric  vehicles 
(EV)  [1-6].  Since,  commercially  available  graphitic  anodes  endures 
several  issues  such  as  Li-platting  especially  at  high  rate  operations, 
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less  specific  capacity  (372  mA  h  g_1),  high  processing  cost  etc. 
though  exhibiting  several  advantages  like  less  insertion  potential 
(<0.25  V  vs.  Li),  good  chemical  and  electrochemical  stability  and 
eco-friendliness  [7—9].  Therefore,  several  insertion  hosts  such  as 
Li4Ti50i2,  LiCrTi04,  anatase  TiCh,  TiCb-B,  TiP207,  LiTi2(P04)3  etc. 
were  proposed  as  better  alternatives  for  graphitic  anodes  however 
such  anodes  exhibiting  less  specific  capacity  (<335  mA  h  g-1) 
and  higher  insertion  potential  (>1  V  vs.  Li)  than  graphitic  anodes 
[10-16].  In  the  year  2000,  Poizot  et  al.  [17]  first  proposed  the 
nanosized  transition  metal  oxides  undergo  conversion  reaction 
with  lithium  and  provides  two  or  three  fold  higher  reversible 
capacity  than  graphitic  anodes  according  to  the  following  equilib¬ 
rium,  MxOy  +  2yLi+  +  2ye~  <-►  xM°  +  yLi20,  where  M  belongs  to 
transition  elements  such  as  Fe,  Co,  Ni,  Cu  etc.  Since  then,  several 
transition  metal  oxides  such  as  Fe203,  Fe304,  Co304,  NiO,  CuO  etc., 
are  explored  as  anode  active  material  for  Li-ion  batteries.  Among 
them  NiO  is  found  appealing  in  terms  of  its  synthesis,  high  theo¬ 
retical  capacity  (-718  mA  h  g-1  for  two  electron  reaction),  eco- 
friendliness  and  low  cost.  It  is  worth  to  mention  that,  reversible 
capacity  and  cycleability  of  NiO  is  strongly  influenced  by  synthesis 
technique  and  its  morphology  [18-20].  Poor  cycleability  is  the 
another  main  issue  for  such  conversion  type  NiO  anodes  because  of 
its  insulating  character  with  wide  band  gap  of  4.3  eV  and  volume 
variation  during  reduction  (conversion  of  NiO  in  to  Ni°)  and 
oxidation  (NiO).  So  far,  there  are  several  approaches  have  been 
employed  to  achieve  high  performance  nanostructured  NiO  anodes 
in  either  native  or  composite  form  for  instance,  Zhang  et  al.  [19] 
reviewed  the  electrochemical  performance  of  various  NiO  nano¬ 
structures  such  as  nanospheres,  nanotubes,  netlike  structure, 
flower  like  structure  and  nanosheets.  Among  them,  nanospeheres 
are  exhibited  specific  capacity  of  -510  mA  h  g_1  after  60  cycles  at 
current  density  of  100  mA  g-1.  Xia  et  al.  [21]  reported  bio- 
templated  hierarchically  porous  C-NiO  composites  from  lotus 
pollen  grains  and  delivered  the  reversible  capacity  of  698  mA  h  g-1 
at  0.1  C  rate  with  severe  capacity  fading  during  cycling.  Synthesis  of 
3D-hierarchical  NiO  carnation  is  also  reported  and  such  structures 
capable  of  delivering  reversible  capacity  of  -156  mA  h  g-1  after 
50  cycles  at  current  density  of  200  mA  g  1  by  Tao  et  al.  [22]  Highly 
ordered  mesoporous  NiO  by  Liu  et  al.  [23]  showed  the  reversible 
capacity  of  -700  mA  h  g_1  at  0.1  C  rate  with  good  cycleability. 
Hollow  microspheres  exhibited  unusual  electrochemical  behavior 
with  less  than  85%  coloumbic  efficiency  (reversible  capacity  of 
—  620  mA  h  g_1  at  current  density  of  100  mA  g-1)  is  noted  during 
cycling  [24].  Mesoporous  carbon  encapsulated  NiO  rendered  good 
cycleability  of  -700  mA  h  g_1  at  current  density  of  100  mA  g-1 
after  50  cycles  [25].  Graphene-NiO  hybrid  composites  are  sug¬ 
gested  to  suppress  the  capacity  fade  by  Mai  et  al.  [26]  and  delivered 
good  cycleability  with  capacity  retention  of  86%  (with  reversible 
capacity  of  -721  mA  h  g_1  at  current  density  of  100  mA  g-1). 
Solvothermal  synthesized  carbon-NiO  microspheres  are  experi¬ 
encing  severe  capacity  fade  during  cycling  and  presented  a  revers¬ 
ible  capacity  of  —387  mA  h  g_1  after  20  cycles  [27].  In  this  line  we 
made  an  attempt  to  synthesize  one  dimensional  NiO  nanofiobers 
by  electrospinning  technique  and  evaluated  as  anode  material  in 
native  form  for  first  time.  Since  the  approach  of  making  composites 
with  carbonaceous  materials  results  the  reduction  in  volumetric 
capacity.  So  far,  several  binary  mental  oxides  such  as  Ti02,  CuO, 
Co304,  Fe203,  Nb205,  carbon  nanofibers  are  explored  as  possible 
anode  active  materials  for  Li-ion  battery  applications  by  electro¬ 
spinning  procedure.  Guan  et  al.  [28]  first  reported  the  synthesis  of 
NiO  nanofibers  by  electrospinning,  however  there  is  no  work  has 
been  reported  on  the  Li-cycleability  of  such  nanofibers.  Since, 
electrospinning  is  a  very  simple  and  versatile  technique  to  produce 
single  phase  materials  with  controlled  morphologies  in  industrial 
scale  [29,30].  In  the  recent  past  variety  of  electrospun  materials  are 


developed  and  used  for  multifarious  sectors  particularly  energy 
conversion  and  storage,  dye  sensitized  solar  cells,  water  splitting 
and  purification  etc.  [29—31  ].  Among  them,  synthesis  of  electrolyte 
and  electrolyte  materials  for  electrochemical  energy  storage 
devices  are  noteworthy  particularly  Li-ion  battery  applications.  In 
the  present  paper,  we  present  the  performance  of  electrospun  NiO 
nanofibers  as  anode  material  for  Li-ion  battery  applications  and 
extensive  in  depth  studies  are  conducted  and  presented  in  detail. 

2.  Experimental  section 

Simple  electrospinning  technique  was  adopted  to  synthesize 
one  dimensional  electrospun  NiO  nanofibers.  In  the  typical 
synthesis  procedure,  Nickel  acetate  [Ni(CH3C00)2-4H20]  and  N,  N- 
dimethyl  formamide  (DMF,  99.8%),  polyvinyl  acetate  (PVAc,  Mw: 
5  x  105)  and  acetic  acid  (99.7%)  were  purchased  from  Aldrich  and 
used  without  any  further  purification.  In  a  typical  synthesis,  sol-gel 
homogenous  solution  was  prepared  by  mixing  2.3  g  of  PVAc  into 
20  ml  DMF  under  constant  stirring  for  an  hour.  Then,  2.1  g  of  Nickel 
acetate  was  introduced  by  wise  drop  in  the  homogenous  solution 
followed  up  with  0.6  ml  of  acetic  acid  under  vigorous  stirring  for 
-12  h.  The  prepared  sol-gel  solution  was  then  transferred  into 
a  5  ml  syringe  (dia.  of  11.9  mm)  with  27  G  stainless  steel  needle 
which  has  a  diameter  of  0.025  cm.  The  experiment  has  been  carried 
out  in  a  controlled  electrospinning  setup  (ELECTROSPUNRA, 
Microtools  Pvt.  limited,  and  Singapore).  The  humidity  level  of  the 
synthesis  electrospinning  chamber  was  maintained  at  about  35% 
for  the  whole  experimental  process.  The  distance  between  needle 
and  static  collector  (aluminum  foil)  was  maintained  at  10  cm  with 
an  applied  ac  voltage  of  23.5  kV  and  at  a  flow  rate  of  1  ml  h-1  using 
a  syringe  pump  (KDS  200).  Finally,  the  prepared  composite  fibers 
were  collected  as  a  mat  with  thickness  —0.15  cm  and  further  sin¬ 
tered  at  800  °C  for  1  h  under  air  atmosphere  to  yield  single  phase 
NiO  nanofibers. 

Powder  X-ray  diffraction  analysis  was  carried  out  using  Bruker 
AXS,  D8  Advance  equipped  with  Cu  Ka  radiation.  The  observed 
reflections  were  subjected  to  Rietveld  refinement  using  Topas  V3 
software.  Morphological  features  and  internal  structure  of  the 
nanofibers  were  studied  by  field  emission  scanning  electron 
microscope  (FE-SEM,  JEOL  JFM-6340F)  and  transmission  electron 
microscope  (TEM,  JEOL  2100F),  respectively.  For  ex-situ  TEM  anal¬ 
ysis,  specimens  were  prepared  under  the  Ar  filled  glove  bag.  The 
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Fig.  1.  Rietveld  refined  X-ray  diffraction  pattern  of  electrospun  NiO  nanofibers  sintered 
at  800  °C  for  1  h.  Inset  showed  the  crystal  structure  of  NiO. 
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test  cells  either  charged  or  discharged  conditions  were  dismantled 
and  rinsed  with  diethyl  carbonate.  The  cycled  active  materials  were 
carefully  scratched  from  the  current  collector  and  transferred  in  to 
holey  carbon  coated  Cu  grid  and  subsequently  placed  in  the  sample 
holder.  Then,  the  sample  holder  was  fixed  on  the  instrument  with 
less  exposure  time  toward  atmosphere  (say  <  10  s).  Standard  CR 
2016  coin-cell  configurations  were  used  for  all  the  electrochemical 
studies.  Test  electrodes  were  formulated  with  accurately  weighed 
10  mg  of  active  material,  2  mg  of  super  P,  and  2  mg  of  conductive 
binder  (Teflonized  acetylene  black,  TAB)  using  ethanol  as  solvent. 
Then  the  mixture  was  pressed  on  a  200  mm2  stainless  steel  mesh, 
which  served  as  a  current  collector  and  dried  at  60  °C  for  overnight 
before  conducting  coin-cell  assembly  in  Ar  filled  glove  box 
(MBraun,  Germany).  Microporous  glass  fibers  (Whatman,  Cat.  No. 
1825-047,  UK)  were  used  to  separate  test  electrodes  in  coin-cell 
assembly  and  1  m  LiPFg  in  ethylene  carbonate  (EC)/di-methyl 
carbonate  (DMC)  (Selectipure  SP30,  Merck  KGaA,  Germany)  was 
used  as  the  electrolyte  solution.  Cyclic  voltammograms  (CV)  were 
recorded  using  Solartron,  1470E  and  SI  1255B  Impedance/gain- 
phase  analyzer  coupled  with  a  potentiostat  in  two  electrode 
configuration  at  slow  scan  rate  of  0.1  mV  s-1  between  0.005  and  3  V 
vs.  Li.  For  the  CV  measurements,  metallic  lithium  acts  as  both 
counter  and  reference  electrode.  Galvanostatic  studies  were  per¬ 
formed  at  constant  current  mode  using  Arbin  2000  battery  tester  in 
ambient  temperature  conditions. 


3.  Result  and  discussion 

Fig.  1  represents  the  Rietveld  refined  powder  X-ray  diffraction 
pattern  of  electrospun  NiO  nanofibers.  The  observed  pattern  clearly 
indicates  the  formation  of  phase  pure  structure  of  NiO  nanofibers 
without  any  impurity  traces  or  starting  materials.  However,  differ¬ 
ence  between  the  observed  and  simulated  patterns  are  noted  which 
is  due  to  the  growth  of  NiO  particulates  in  fibers  are  oriented  along 
(111)  direction.  The  reflections  are  indexed  according  to  the  face 
centered  cubic  with  rhombohedral  structure  and  Fm3m  space  group. 
The  structure  is  commonly  known  as  rock-salt  type  structure.  Lattice 
parameter  values  are  calculated  from  the  refinement  and  found  to  be 
a  =  4.179(8)  A  with  crystallite  size  value  of  -72  nm.  The  observed 
values  are  consistent  with  the  literature  (JCPDC  card  No.  73-1519; 
a  =  4.168  A).  The  color  of  the  obtained  NiO  nanofibers  is  in  green 
color  which  indicates  the  good  stoichiometry  between  Ni  and  O, 
whereas  non-stoichiometric  compounds  are  appeared  black  in  color. 

Morphological  features  of  the  electrospun  NiO  nanofibers  were 
investigated  through  FE-SEM  and  presented  in  Fig.  2  along  with 
optical  images.  Fig.  2a  and  b  clearly  showed  the  formation  of 
membrane  like  electrospun  composite  fibers  which  mainly 
composed  of  PVAc  and  Ni  acetate.  The  distance  between  tip  and  Al 
plate  collector  is  crucial  to  form  Taylor  cone  and  subsequently 
acquire  good  quality  nanofibers  [32].  While  employing  the  applied 
voltage,  precursor  solution  forms  a  conical  shape  in  the  jets  from 


Fig.  2.  (a)  &  (b)  Photographic  image  of  as-spun  NiO  nanofibers,  inset  showed  the  soi-gei  precursor  used  for  spinning,  (c)  scanning  electron  microscopy  (SEM)  picture  of  as  spun  NiO 
fibers,  (d)  SEM  image  of  sintered  electrospun  NiO  fibers  at  800  °C  for  1  h. 
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Fig.  3.  (a)  &  (b)  transmission  electron  microscopy  (TEM)  pictures  of  sintered  NiO  nanofibers,  (c)  high  resolution-TEM  image  of  sintered  NiO  nanofibers  with  d  spacing  of  2.41  A  along 
the  direction  (111),  and  (f)  selected  area  electron  diffraction  (SAED)  pattern  of  sintered  electrospun  NiO  nanofibers  with  diffraction  rings  indexed  according  to  the  h  k  l  planes. 


spinneret  nozzles,  which  is  due  to  the  electrostatic  forces  caused  by 
the  repulsion  of  surface  charges  and  pull  of  external  electric  field. 
The  electrostatic  force  overcomes  surface  tension  of  the  precursor 
solution  and  Taylor  cones  are  stretched  by  bending  instability  and 
deposited  as  a  fiber  over  the  collector.  Highly  interconnected, 
homogenous  and  ultra-long  fibers  are  noted  from  the  FE-SEM 
pictures  (Fig.  2c)  with  thickness  of  slightly  less  than  1  pm.  The 
membrane  like  fiber  mat  is  harvested  and  sintered  at  800  °C  to  get 
the  desired  NiO  phase.  Sintered  as-fibers  exhibited  a  fiberous 
morphology  which  composed  of  NiO  nanoparticles  grown  along 
with  the  fiber  direction  during  the  calcination  process.  Thickness  of 
such  sintered  fibers  is  found  to  be  ~  100  nm  (Fig.  2d).  Reduction  of 
such  fiber  diameter  is  mainly  due  to  the  removal  of  organic  moie¬ 
ties  from  the  Ni  precursors  and  polymer  backbone  as  well.  TEM 
investigations  are  also  carried  out  to  ensure  the  presence  of 
nanoscopic  NiO  particles  in  a  continuous  fiberous  morphology  and 
illustrated  in  Fig.  3.  TEM  pictures  with  different  magnifications 
(Fig.  3a  and  b)  clearly  illustrate  the  presence  of  nanosized  particles 
formed  as  a  continuous  fiberous  morphology.  High  resolution-TEM 
pictures  clearly  showed  the  formation  of  single  crystalline  NiO 
particles.  The  NiO  nanoparticles  are  grown  along  (111)  direction 
during  the  calcination  process  with  d  spacing  of  2.41  A  (Fig.  3c). 
Bright  spots  in  the  selected  area  electron  diffraction  (SAED)  pattern 
also  confirmed  the  formation  of  NiO  and  rings  are  indexed  to  the 
corresponding  h  k  l  planes  (Fig.  3d). 


Potential  (V  vs.  Li) 

Fig.  4.  Cyclic  voltammetry  curves  of  electrospun  NiO  nanofibers  in  half-cell  assembly 
(Li/NiO  nanofibers)  cycled  between  0.005  and  3  V  vs.  Li  at  scan  rate  of  0.1  mV  s-1,  in 
which  metallic  lithium  acts  as  both  counter  and  reference  electrode. 


288 


V.  Aravindan  et  al.  /  Journal  of  Power  Sources  227  (2013)  284-290 


Fig.  5.  (a)  High  resolution-transmission  electron  microscopy  (HR-TEM)  picture  of  electrospun  NiO  nanofibers  at  discharged  state  (0.005  V  vs.  Li),  in  which  Ni°  nanoparticles  with 
corresponding  d  spacing  is  marked/given  (b)  selected  area  electron  diffraction  pattern  (SAED)  of  NiO  electrodes  at  discharged  state,  (c)  HR-TEM  image  of  electrospun  NiO  nanofibers 
at  charged  state  (3  V  vs.  Li)  corresponding  d  spacing  is  given  along  with  orientation  and  (d)  SAED  pattern  of  NiO  electrodes  at  charged  state. 


To  understand  the  reaction  mechanism  during  electrochemical 
charge-discharge  process  of  electrospun  NiO  nanofibers,  cyclic 
voltammetry  (CV)  studies  was  performed  in  half-cell  configuration 
(Li/NiO  nanofibers)  between  0.005  and  3  V  vs.  Li  at  slow  scan  rate  of 
0.1  mV  s-1  (Fig.  4).  During  first  cathodic  sweep,  Li-insertion  takes 
place  at  -0.63  V  vs.  Li  (Lio.sNiO)  and  associated  with  electrolyte 
decomposition  as  well.  The  above  reaction  will  take  place  in  irre¬ 
versible  manner  according  to  the  following  reaction  mechanism, 
NiO  +  0.5  Li+  +  0.5  e-  -►  Lio.sNiO.  Thereafter  a  structural  destruc¬ 
tion  of  above  phase  is  occurred  and  evident  from  the  strong  peak 
potential  at  —  0.39  V  vs.  Li.  Further,  in  the  same  region  conversion  of 
NiO  in  to  metallic  particles  (Ni°)  also  takes  place  according  to  the 
following  equation  Lio.sNiO  +  1.5  Li+  +  1.5  e_  -►  Ni°  +  Li20.  In  the 
anodic  sweep,  a  broad  peak  potential  at  -2.2  V  vs.  Li  indicates  the 
oxidation  of  metallic  Ni°  (Ni°  +  Li20  <-►  NiO).  Flowever  in  the 
subsequent  cathodic  sweeps,  reduction  (conversion  of  NiO  in  to  Ni°) 
and  oxidation  is  slightly  shifted  toward  higher  potential  ca.  -1.27  V 
and  -2.26  V  vs.  Li,  respectively  in  a  reversible  manner.  The  overall 
reaction  can  be  written  as  NiO  +  2  Li  +  2  e_  <-►  Ni°  +  Li20.  Capacity 
fading  during  successive  cycles  is  noted,  which  is  clearly  evident 
from  the  reduction  of  net  area  under  the  CV  traces. 

To  support  the  reaction  mechanism  described  above,  an  ex-situ 
TEM  investigations  were  conducted  for  electrospun  NiO  nanofibers 
in  first  charge  (3  V  vs.  Li)  and  discharged  (0.005  V  vs.  Li)  states  and 


presented  in  Fig.  5.  The  test  electrodes  were  carefully  opened  and 
cleaned  with  di-ethyl  carbonate  before  conducting  the  TEM  anal¬ 
ysis.  According  to  the  conversion  reaction,  transformation  of  oxides 
in  to  metal  nanoparticles  are  distributed  in  the  amorphous  Li20 
matrix  and  ultrafine  size  hence  it  is  too  complicated  to  detect  such 
particles  by  XRD  measurements  [17,18].  In  the  present  case,  ultra- 
fine  metallic  Ni°  with  size  of  less  than  5  nm  are  embedded  in  the 
amorphous  Li20  matrix  which  is  finely  covered  with  solid  elec¬ 
trolyte  interface  (SEI).  The  presence  of  Ni°  particles  is  clearly 
evident  from  the  lattice  fringes  with  d  spacing  of  2.01  A,  which 
belongs  to  the  (10  1)  orientation  (Fig.  5a).  SAED  pattern  (Fig.  5b) 
also  confirm  the  presence  of  Ni°  particles  and  exhibiting  the 
diffusive  rings  of  (1  0 1 )  plane  along  with  concentric  Li20  rings  [33]. 
Similarly,  during  charge  process  Ni°  is  oxidized  in  to  NiO  and  it  is 
clearly  evident  from  the  FIR-TEM.  The  observed  d  spacing  (2.41  A) 
between  the  lattice  fringes  is  exactly  matching  with  the  sintered 
electrospun  NiO  nanofibers  with  orientation  of  (1  1  1)  plane.  This 
oxidation  process  of  Ni°  reveals  the  reformation  of  NiO  (Fig.  5c).  The 
concentric  rings  in  the  SAED  pattern  in  the  charged  states  are 
indexed  with  corresponding  h  k  l  planes.  The  SAED  pattern  (Fig.  5d) 
is  showing  good  agreement  with  the  sintered  NiO  nanofibers 
(Fig.  3d).  This  ex-situ  TEM  studies  well  supported  the  reaction 
mechanism  of  NiO  nanostructures  during  electrochemical  charge- 
discharge  process  described  above. 
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Charge-discharge  studies  were  performed  galvanostatically  for 
electrospun  NiO  nanofibers  in  half-cell  configuration  between 
0.005  and  3  V  vs.  Li  at  constant  current  density  of  80  mA  g_1  in 
ambient  conditions.  Typical  galvanostatic  charge-discharge  curves 
are  illustrated  in  Fig.  6.  Apparent  to  notice  the  monotonous  curve  at 
—  0.7  V  vs.  Li  is  corresponds  to  the  Li-insertion  in  to  NiO  matrix 
(Lio.sNiO)  and  associated  electrolyte  decomposition  as  well  in  the 
first  discharge.  The  long  distinct  plateau  at  -  0.6  V  vs.  Li  is  corre¬ 
sponds  to  the  structural  destruction  and  transformation  of  metallic 
Ni°  as  well.  The  cell  delivered  a  capacity  of  -1280  and 
-784  mA  h  g_1  at  for  first  discharge  and  charge,  respectively. 
Observed  capacity  is  in  both  charge  and  discharged  states  are 
higher  than  the  theoretical  capacity  of  NiO  for  two  electron  reaction 
(-718  mA  h  g-1).  The  higher  discharge  capacity  is  mainly  due  to 
the  polymeric  film  formation  and  some  insoluble  inorganic  salts 
from  the  decomposition  of  electrolyte  solution  so  called  SEI 
formation  and  which  consumes  excess  lithium  during  the  first 
discharge  [34,35].  On  the  other  hand,  slightly  higher  reversible 
capacity  is  noted  which  is  mainly  ascribed  to  the  Pseudocapacitive 
properties  of  NiO  [36,37].  The  presence  of  such  SEI  is  somewhat 
beneficial  for  the  safe  operation  of  the  cell,  which  may  prevent  the 
unwanted  side  reaction  with  electrolyte  counterpart  and  enables 
stable  performance  during  prolonged  cycling  [38]. 

Plot  of  capacity  vs.  cycle  number  for  electrospun  NiO  nanofibers 
in  half-cell  configuration  between  0.005  and  3  V  vs.  Li  at  constant 
current  density  of  80  mA  g-1  in  ambient  conditions  is  presented  in 
Fig.  7.  It  is  apparent  to  notice  that,  test  cell  experiencing  more 
capacity  fade  in  the  initial  10  cycles  and  thereafter  exhibits  better 
cycleability.  The  capacity  fading  during  the  cycling  is  attributed  to 
the  inherent  conducting  nature  of  NiO  phase,  since  the  phase  is  lies 
in  the  wide  band  gap  (4.3  eV)  material  [39].  Further,  cell  displayed 
a  discharge  capacity  of  -583  mA  h  g-1  (1.62  mol  of  Li)  after 
100  cycles  which  is  —75%  of  its  initial  reversible  capacity.  The 
observed  reversible  capacity  value  is  still  >1.5  times  higher  than 
the  theoretical  capacity  of  graphite.  Further,  this  is  one  of  the  best 
values  obtained  for  NiO  based  anodes  in  native  form  compared  to 
the  previous  reports  described  in  the  introduction  section  [18- 
20,40-42].  The  improved  performance  of  such  anodes  is  mainly 
due  to  the  one  dimensional  nanostructures  prepared  by  electro¬ 
spinning  technique,  which  enables  maximum  uptake  of  Li  during 
conversion  reaction  and  good  contact  toward  the  current  collectors 
and  thereby  providing  good  cycleability.  This  kind  of  betterment  in 
the  cycling  profiles  is  noted  for  electrospun  CuO  nanofibers 


Capacity  (mAh  g1) 


Fig.  6.  Galvanostatic  charge-discharge  curves  of  electrospun  NiO  nanofibers  in  half¬ 
cell  assembly  cycled  between  0.005  and  3  V  vs.  Li  at  constant  current  density  of 
80  mA  g-1  in  ambient  temperature  conditions.  Integer  represents  cycle  number. 


Fig.  7.  Plot  of  capacity  vs.  cycle  number  for  Li/electrospun  NiO  fibers  at  current 
densities  of  80  and  100  mA  g_1  in  which  filled  and  open  symbols  corresponds  to  the 
charge  and  discharge  capacity,  respectively. 

reported  by  us  recently  with  similar  morphology  [43].  In  order  to 
ensure  our  results,  we  made  a  duplicate  cell  and  cycled  under  the 
same  testing  conditions  with  slightly  higher  current  density  of 
100  mA  g_1.  Apparent  to  notice  electrospun  NiO  nanofibers 
rendered  good  cycleability  with  small  deviation  in  the  capacity 
values.  In  both  cases  couloumbic  efficiency  is  found  over  98%  except 
few  initial  cycles  which  indicates  good  reversibility  of  Li-ions 
during  conversion  reaction.  Further  studies  such  as  carbon 
coating  and  making  composites  with  carbon  are  in  progress  to 
improve  the  cycleability  of  NiO  nanofibers  prepared  by 
electrospinning. 

High  rate  performance  is  one  of  the  pre-requisite  to  employ  as 
anode  material  in  high  power  Li-ion  power  packs.  Half-cell 
comprising  electrospun  NiO  nanofibers  was  fabricated  and  tested 
with  different  current  densities  in  ambient  temperature  conditions 
and  given  in  Fig.  8.  As  expected,  the  capacity  fading  is  noted  during 
cycling  irrespective  of  the  current  densities  applied.  The  test  cell 
delivered  the  reversible  capacity  of  675,  543,  409,  292  and 
204  mA  h  g-1  at  current  densities  of  0.2,  1,  2,  4  and  8  A  g-1, 
respectively  with  coloumbic  efficiency  over  98%.  Lower  capacity 
value  at  higher  current  density  is  presumably  due  to  the  less 


Cycle  number 

Fig.  8.  Rate  performance  electrospun  NiO  nanofibers  at  different  current  densities  in 
which  filled  and  open  symbols  corresponds  to  charge  and  discharge  capacity, 
respectively. 
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participation  of  the  active  material  during  such  high  current 
operation  [44].  High  current  performance,  particularly  at  2  A  g-1, 
the  cell  presented  the  good  capacity  behavior  ( ~409  mA  h  g-1)  and 
the  obtained  reversible  capacity  is  much  higher  than  graphitic 
anodes.  Since  such  high  current  performance  anode  is  anticipated 
for  the  development  of  high  performance,  high  power  Li-ion  power 
packs  to  drive  HEV  and  EV  in  neat  future  using  such  conversion 
type  green  anodes  [3,45]. 

4.  Conclusion 

We  successfully  demonstrated  the  synthesis  and  electro¬ 
chemical  performance  of  one  dimensional  electrospun  NiO  nano¬ 
fibers  for  first  time  by  electrospinning  technique.  Formation  of 
structure  and  presence  of  fibrous  morphology  was  confirmed  by 
X-ray  diffraction  and  FE-FEM  measurements,  respectively.  Half-cell 
assembly  was  fabricated  and  found  maximum  reversible  uptake  of 
~  1.62  mol  of  Li  after  100  galvanostatic  cycles  at  current  density  of 
80  mA  g-1  with  good  capacity  retention  of  over  75%  of  reversible 
capacity.  During  conversion  reaction,  transformation  of  metallic 
Ni°  nanoparticles  in  the  amorphous  L^O  matrix  was  evidenced  by 
ex-situ  TEM  investigations.  This  study  clearly  indicates  the 
synthesis  of  high  performance  anode  material  by  simple  electro¬ 
spinning  technique  and  this  technique  can  be  extended  for  the  rest 
of  other  transition  metal  oxides  for  the  development  of  high  power 
Li-ion  power  packs  for  HEV  and  EV  applications. 
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